In this paper, we present a novel flexible endoscope (FE) which is well suited to minimally invasive cardiac surgery (MICS). It is named the cardioscope. The cardioscope is composed of a handle, a rigid shaft, a steerable flexible section, and the imaging system. The flexible section is composed of an elastic tube, a number of spacing disks, a constraint tube, and four wires. It employs the constrained wire-driven flexible mechanism (CWFM) with a continuum backbone, which enables the control of both the angulation and the length of the flexible section. Compared to other endoscopes, e.g., rigid endoscope (RE) and fixed-length FE, the cardioscope is much more dexterous. The cardioscope can bend over 180 deg in all directions, and the bending is decoupled from the distal tip position. Ex vivo tests show that the cardioscope is well suited to MICS. It provides much wider scope of vision than REs and provides good manipulation inside confined environments. In tests, the cardioscope successfully explored the full heart through a single hole, which shows that the design is promising. Despite being designed for MICS, the cardioscope can also be applied to other minimally invasive surgeries (MISs), such as laparoscopy, neurosurgery, transnasal surgery, and transoral surgery.
Introduction
MIS brings multiple benefits to patients, such as faster postoperative mobilization and recovery, shorter hospital stay, lower incidences of intra-and postoperative complications, and better cosmesis [1] . The growing popularity of MIS leads to a widespread adoption of endoscopy devices, of which the market is $28.2 billion in 2013 and is expected to reach $37.9 billion by 2018 [2] . Among all the devices, endoscopes are among the most important as they provide visual guidance to the surgeon. Without the onsite image, the surgeons cannot diagnosis and operate effectively. The fundamental role of endoscopes is to provide visual information, yet modern endoscopes can also form a working channel for instruments [3, 4] .
From the structural point of view, existing endoscopes fall into three categories, i.e., the RE, the FE, and the capsule endoscope (CE). Among them, REs are most frequently used in the MIS. One typical example is the MICS, in which the endoscope enters via a small incision on the chest wall that is much smaller than that in conventional open chest cardiac surgery. Since the tip of the RE cannot be steered and the heart is spheroidal with complex chambers inside, it is impossible to view the entire surgical site with one opening. Therefore, in practice multiple incisions are often made, which still cannot guarantee the full exposure of the surgical site. The inner structure of the heart is complex, and the vision is frequently blocked by the tissues [5] . Another drawback of the REs is that the vision information provided is very limited when the instrument is parallel to the RE, i.e., the instrument and the RE access the heart via the same incision. Also rigid instruments "compete" in situ and the collision of the instruments can cause tissue stress and injury [5] .
To solve these drawbacks, it is desired that the tip of the endoscope be flexible and can be steered. Traditional FEs, such as the bronchoscope, gastroscope, and colonoscope, are unsuited to the MICS as it is difficult to maneuver the flexible shaft. The chest cavity is unlike the trachea and the gastrointestinal (GI) tract, which is a natural conduit allowing the FE to follow. In the chest cavity, there is much more space, especially when the lung is collapsed. The endoscope needs to counter the gravity force without support. Hence, an FE with a rigid shaft and a steerable section is in favor. One example is the Endoeye Flex by Olympus [6] , which is composed of a rigid shaft and a flexible bending section. The angulation of the flexible bending section is controlled by a set of wires. This bending mechanism is widely used in developing flexible instruments and/or robots [4, [7] [8] [9] [10] [11] [12] . Examples include the distal dexterity unit developed by Simaan et al. [13] , the insertable robotic effectors platform developed by Ding et al. [14] , the SJTU unfoldable robotic system developed by Xu et al. [11] , the elephant's trunk robot developed by Hannan and Walker [15] , and the FEs [16] . However, in this type of FEs, the length of the bending section is fixed. This brings a few limitations: (1) the bending section needs to sweep a relatively large area in order to view from side to side, which may interfere with the tissues. In a complex confined space, such as the heart chamber, the sweeping motion is often limited by the surrounding vital structures, and hence the field of view remains restricted. ( 2) The orientation of the distal tip corresponds to the tip location, which restricts the viewing direction. In the MICS, the line of sight is often blocked by the tissues. Therefore, it is highly desirable that the viewing direction could be adjusted.
CEs are capsule like endoscopes, typical examples are the PillCam CE by Given Imaging, Inc., Yokne'am Illit, Israel [17] , the OMOM CE by Jinshan Co., Chongqing, China, the EndoCapsule by Olympus, Inc., Tokyo, and the MicroCam by Intromedic Co., Seoul, Korea, [18] . The patient swallows the CE, and the CE will pass through the GI tract by the GI peristalsis. Images and/or videos are transmitted to the outside receiver wirelessly. CEs are designed for GI tract inspections and there is no other application so far. Most of the current CEs are passive, without selfpropulsion. It is obvious that in MICS, CEs are not applicable. Therefore, it can be drawn that so far existing endoscopes are not well suited to MICS. A new FE for MICS is desired. This relies on a new bending mechanism.
In this paper, we present a novel FE design based on the CWFM. The CWFM is evolved from the wire-driven mechanism (WDM), which is well suited to developing flexible devices, including robotic fish and flexible manipulators [9, 10, [19] [20] [21] [22] . It comprises a flexible backbone and a set of controlling wires. Its motion is similar to that of the FE. In the CWFM, a translational rigid tube is used as an active constraint, which restricts the bending of the flexible section partially. Similar idea was used in the concentric tube robot design [23] [24] [25] and the highly articulated robotic probe [26] . The benefits include: (1) bending of the flexible section is more controllable (more dexterous) [27, 28] ; (2) the workspace is expanded [29, 30] ; and (3) reduced sweeping motion. This can greatly increase the scope of vision, and thus, the CWFM is a good candidate for solving the aforementioned problems in FEs. Due to its flexible nature, it can be inserted into the operation sites via the same work-port as the rest of the instruments and hence save the patient one incision or injury to the chest or abdominal wall.
The rest of the paper is organized as follows: In Sec. 2, the design and prototyping of the cardioscope are presented; in Sec. 3, the bending motion of the cardioscope is analyzed; in Sec. 4, ex vivo tests of the cardioscope are performed and the results are discussed; at last, in Sec. 5, the conclusion is drawn.
Design and Prototyping of the Cardioscope
The design of the cardioscope is presented in three parts: the steerable section design, the control body design, and the overall design. At the end of the section, the cardioscope prototyping is introduced.
2.1
The Design of the Steerable Section. The steerable section contains the flexible section, a rigid shaft, and the constraint tube. Figure 1 shows the design of the steerable section. As shown in the figure, the flexible section is coaxial with the rigid shaft and the constraint tube is concentric with both the flexible section and the rigid shaft. The constraint tube is translational along the shaft and the movement is controlled by a knob. In the figure, three positions of the constraint tube are shown. In Fig. 1(a) , the constraint tube fully covers the flexible section, in Fig. 1(b) half of the flexible section is exposed and in Fig. 1(c) the flexible section is fully exposed. In this design, the constraint tube is also rigid. Therefore, the part of the flexible section that is covered by the constraint tube is fully confined and cannot bend. Only the exposed part of the flexible section can bend. This part is referred to as the bending section. By adjusting the position of the knob, the length of the bending section is controlled. The maximum length of the bending section is the full length of the flexible section. The minimum length of the bending section is zero. By assuming the curvature along the bending section is constant, i.e., the constant curvature assumption, which was widely used in flexible manipulators and was validated in Ref. [31] , the maximum bending angle is proportional to the length of the bending section. Therefore, the cardioscope has the maximum bending angle when the constraint tube is fully retreated. When the constraint tube is fully advanced, the cardioscope is equivalent to an RE.
In the flexible section, the continuum WDM is employed [32] . Figure 2 shows design of the flexible section. It is composed of a number of wire spacing disks, an elastic tube, and a set of controlling wires. The disks are evenly distributed along the elastic tube, which also serves as the backbone of the flexible section. The wires went through the pinholes on the disks and are attached to the last disk. In the cardioscope, four orthogonally arranged wires are used and their arrangement is as shown in Fig. 2(b) . The four wires make two wire pairs. The left-right wire pair controls the flexible section bending left and right, while the up-down wire pair controls the flexible section bending up and down. The wires also run through the rigid shaft and the other end of the wires is attached to the actuation module, which is inside the control body. The bending of the flexible section follows the deflection of the elastic tube. By controlling the two wire pairs, the flexible section can bend to any desired directions, and the control is quite intuitive.
The Design of the Control Body.
The control body includes the handle and the actuation module. The handle is a cylindrical shell which holds the actuation module and serves the base of the steerable section. The design satisfies ergonomics. The actuation module is to control the motion of the controlling wires. The design is shown in Fig. 3 . In the actuation module, the motions of the two wire pairs are controlled independently and in the same way. The wires went through the pinholes on the wire distributor and are attached to the wire winder. The tightness of the wire connection is adjustable by the screws. By rotating the wire winder, in the wire pair, one wire is elongated and the other is shortened. A bending moment is exerted on the flexible section to achieve the bending motion. The principle is the same as that in Refs. [9] , [10] , and [33] . The wire winder rotation is controlled by a knob through a gear chain as shown in Fig. 3 . Combined with the length control, the bending section of the cardioscope is much more dexterous than existing FEs, in which the length is fixed.
Steering the cardioscope is one concern and the other is to lock the bending configuration. In this design, a latch is used to hold the rotation of the gears. The latch has two states: locked state and open state. Generally, the latch is locked and the bending configuration is held. Only when the latch is opened, the cardioscope can be bent using the knobs.
Overall
Design of the Cardioscope. The overall design of the cardioscope is shown in Fig. 4 . In this design, the total length of the cardioscope is 437 mm and length of the shaft is 270 mm. The diameter of the constraint tube is 8 mm, and the diameter of the flexible section is 6.5 mm. As a comparison, in the market, the common diameters of endoscopes are between 5 mm and 15 mm [34] . Specifically, in MICS, the diameter of the endoscope is between 5 mm and 10 mm. The maximum cross section dimension of the handle is 50 Â 40 mm, which is equivalent to that of commercial endoscopes. Table 1 shows a comparison of the endoscopes, including the Karl Storz REs, the Olympus EndoEye flex, and the cardioscope. The microcamera is attached to the tip of the flexible section and the cable goes through the shaft as well as the control body. In the cardioscope, the diameter of the camera is 4 mm and the resolution is 320 Â 240.
Prototyping of the Cardioscope.
A cardioscope is prototyped and most of the parts are made by 3D printing. Figure 5 shows the components of the cardioscope and the assembled prototype. In this prototype, the rigid shaft is a stainless steel tube, with outer diameter (OD) 7 mm and inner diameter (ID) 6.6 mm. The constraint tube is also a stainless steel tube, and its OD is 8 mm and ID is 7.6 mm. The elastic tube in the flexible section is a silicon rubber tube. Its OD and ID are 3 mm and 2 mm, respectively. The flexible section contains 20 spacing disks. The material used for the control body is ABS plastic. Therefore, the cardioscope is lightweight. The total mass is 104 g. This lightweight feature of the cardioscope can much reduce the fatigue of the operator during the long surgery.
Bending Evaluation
The bending of the cardioscope is evaluated analytically following the constant curvature assumption and the scope of vision is measured experimentally.
3.1 Bending Analysis. The flexible section structure is composed of a number of spacing disks and the elastic tube. Therefore, it can be treated as a serial link with N joints. By taking the constant curvature assumption, the rotation of each joint is the same. Figure 6 shows the rotation of each joint. In the figure, D is the diameter of the spacing disk, d is the distance between the wire pair, h 0 is the gap between two successive disks, and h 1 and h 3 are the length of the wires when the joint rotates h. It should be noted that the length of the elastic tube is constant after bending, i.e., s ¼ h 0 .
For each joint, the bending angle is small. Therefore, when the joint bends h, the length of the wires is as shown in the following equation:
The maximum rotation is achieved when the two spacing disks collide. The maximum rotation is Transactions of the ASME
The approximation error in Eq. (1) is positively related to the joint rotation, i.e., the larger the rotation the bigger the error, in the range of [0, 90 deg]. When the joint rotation is zero, there is no approximation error. In the cardioscope h 0 ¼ 0.6 mm, d ¼ 4.5 mm, and D ¼ 6.5 mm, and the maximum joint rotation is 10.6 deg. In this case, the maximum approximation errors for h 1 and h 3 are 0.143% and À0.143%, respectively. Therefore, the approximation error in the cardioscope is between À0.143% and 0.143%, which is negligible. From the design aspect, to reduce the approximation error the spacing disks should be densely arranged as this will reduce the joint rotation limit.
The total wire motion of the cardioscope is the sum of wire motion in all the joints. Assume that the number of joints in the bending section is N f , also considering the bending direction / as illustrated in Fig. 6(c) , the total wire motion is therefore
where L 0 is the initial length of the wires. The bending angle and bending direction of the flexible section can be calculated from the movement of the wires and constraint tube. Assume that the constraint tube moves L c forward and the thickness of each spacing disk is H. The number of joints in the bending section and the bending of the flexible section are as in Eq. (4). In practice, the bending direction / could be solved using
In the design, the wire pairs are controlled by the wire winder. The movement of the wires in the pair is proportional to the rotation of the wire winder. Therefore, the bending of the flexible section could be easily mapped to the rotations of the wire winder as
where r is the radius of the wire winder, a h is the rotation of the horizontal wire winder connected to w1 and w3, and a v is the rotation of the vertical wire winder connected to w2 and w4.
3.2 Scope of Vision. During the endoscopy inspection, a large scope of vision is very important. In the cardioscope, there are 20 joints. Also, from the previous analysis, each joint in the cardioscope can rotate up to 10.58 deg. The theoretical maximum bending angle of the cardioscope is therefore 211.6 deg. A measuring device as shown in Fig. 7 is designed to evaluate the actual bending as well as the scope of vision of the cardioscope.
In this device, the cardioscope is placed at the center of the calibrated globe. To ease the reading, markers are pasted on the wall of the globe. Some results are shown in Table 2 . In the surgery, when the bending angle is 180 deg, the endoscope can view backward, which is more than enough. Also, over bending may cause damage to the prototype. Therefore, in the test the maximum bending angle of the cardioscope is under its limit. From the results, when L f ¼ 0 the scope of vision of the cardioscope is 
Ex Vivo Test of the FE
To validate the design as well as efficacy of the cardioscope, three sets of ex vivo tests were performed. The experimental setup is shown in Fig. 8 . In the test, a pig heart is suspended by sutures and the endoscopes can enter from the side holes, which mimic the incisions in the MICS. (Karl Storz 26006 AA) , and the second endoscope is a 30 deg RE (Karl Stroz 26006 BA), both from Karl Storz; the third is the cardioscope. Three tasks are assigned to the endoscopes: task I-find the ring; task II-view the full ring; and task IIIview the full ring in a single view.
Test
Results of the first test are summarized in Table 3 . In the first test, all three endoscopes can find the ring successfully. However, for the 0 deg RE and 30 deg RE, due to the restricted scope of vision, they cannot view the full ring. The best views of the two REs are shown in Figs. 9(a) and 9(b) . The cardioscope is tested in three configurations: the first is straight configuration; the second is bending with long bending section; and the third is bending with short bending section. At the straight configuration, the best view of the cardioscope is shown in Fig. 9(c) . It successfully finds the ring, however, the scope of vision is much smaller than the two commercial REs. Also, the quality of the image is poorer. Considering this is the first prototype, the quality of image is not a key performance index. When the bending section is long, the cardioscope successfully finds the ring and can view the full ring. However, it failed to view the full ring in a single view. The snapshots of the view are shown in Figs. 9(d) and 9(e). By shortening the bending section, the cardioscope successfully views the entire ring in a single view as shown in Fig. 9 (f). This shows that by introducing the bending section, the scope of vision could be much wider. Also, the controllable length of the bending section is helpful in adjusting the scope of vision and benefits the surgeons during MICS.
Test 2-Visualize the Instruments.
The most important function of a surgical endoscope in a real endoscopic surgical procedure is to visualize the operative field and the instruments manipulating in the area. In the second test, the cardioscope is used to visualize the instruments in a mockup operation (handling of the heart tissue with the endoscopic instruments). Four scenarios are simulated:
Scenario 1: Visualization of one instrument from a separate second port. This is to simulate the application of electrocautery at a bleeding point. Scenario 2: Visualization of two instruments from a third port. This is to simulate the surgical manipulation of two instruments, e.g., one instrument holding the tissue and another instrument cutting it. Scenario 3: Visualization of two instruments from a common second port. This is to simulate a situation in which there is limited skin access point in case of some disease conditions or deformity which do not allow placing of usual three endoscopic access ports. Scenario 4: Visualization of one instrument inserted through the same common port.
The cardioscope performed all the simulated scenarios and we were able to locate the instruments manipulating within the surgical field. Successful visualization of the instruments inserted through a common port in scenarios 3 and 4 implies that instrument channels can be incorporated into the cardioscope, and the Transactions of the ASME endoscopic portion can visualize the instruments operating through the channel very close to it (Fig. 10 ).
Test 3-Exploration of the Heart.
In the third test, the pig heart is placed in a position similar to that in the MICS. The cardioscope is controlled to explore the entire heart. Twelve snapshots are shown in Fig. 11 . The cardioscope is able to view the heart, both inside and outside. In the test, with the aid of the cardioscope the surgeon successfully identifies the mitral valve, the aortic valve, the aorta, the pulmonary artery, the wall of the ventricles, and even the apex of the heart from a retrograde bending position.
4.4 Discussion. In the ex vivo tests, the cardioscope demonstrated much wider scope of vision than conventional REs. Also, by controlling the length of the bending section the scope of vision could be adjusted. This shows that the cardioscope is also advantageous than traditional fixed-length FEs. In the second and third tests, the cardioscope also demonstrated outstanding performance, especially avoiding the complex structures of the heart. This is also attributed to the controllable length of the bending section. Without that, the flexible backbone would interfere with the surrounding tissues and instruments. The experimental results validate that the CWFM is well suited to developing FEs and could bring multitude benefits. The CWFM is also suited to developing similar flexible instruments and robots.
However, a few limitations of the cardioscope are also identified. At first, the image quality of the cardioscope is poor and is not sufficient for a real operation. Though this is not the focus of the study, in the future, a better vision system will be installed. Second, the operation of the cardioscope requires two hands, which is not convenient. Conventionally, the surgeons use the RE, which is operated by a single hand. In the future, a more convenient and intuitive interface is required, such as using a joystick on the handle. Third, sterilization of the endoscope is not considered in the design. In the tests, a plastic sheath is wrapped around the cardioscope. This yields several problems, such as interfere the bending of the flexible section and occupy more space in the surgical site.
Conclusion
This paper presents a novel FE based on the CWFM, which allows the control of both the angulation and length of the bending section. The endoscope is named the cardioscope. In the experimental tests, it shows the ability to provide much larger scope of vision than traditional REs. By controlling the length of bending, the scope of vision is tunable and the cardioscope can better avoid surrounding tissues. The cardioscope successfully explores the full heart through a single hole, which shows that the design is promising. Although designed for MICS, the cardioscope can also be applied to other surgeries in the confined spaces of the body, such as laparoscopy, neurosurgery, transnasal, and transoral surgery. 
